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Abstract
1. Logging roads can trigger tropical forest degradation by reducing
the integrity of the ecosystem and providing access for encroach-
ment. Therefore, road management is crucial in reconciling se-
lective logging and biodiversity conservation. Most logging roads
are abandoned after timber harvesting; however, little is known
about their long-term impacts on forest vegetation and accessi-
bility, especially in Central Africa.
2. In 11 logging concessions in the Congo Basin we field-sampled a
chronosequence of roads that, judging from satellite images, had
been abandoned between 1985 and 2015. We assessed recovery
of timber resources, tree diversity and above-ground biomass in
three zones: the road track, the road edge (where forest had been
cleared during road construction) and the adjacent logged forest.
3. The density of commercial timber species < 15 cm DBH was al-
most three times higher in the road track (321 individuals ha-1)
and edge (267) than in the logged adjacent forest (97). Over time,
tree species diversity converged to a comparable level between
roads and adjacent forests, along with an increase in canopy clo-
sure.
4. The average width of forest clearing for road construction was
20 m, covering a total 0.76% of the forest area inside concessions.
After 15 years following abandonment, road tracks had recovered
*To whom correspondence should be addressed. Email: fritz.kln@gmail.com
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24 Mg ha-1 of above-ground woody biomass, which was 6% of
that in the adjacent forest, while road edges had accumulated
167 Mg ha-1 (42%). Ten years after abandonment, roads were no
longer penetrable by poachers on motorcycles. An exotic herb
species was fully replaced by dominant Marantaceae that have
even higher abundance in the adjacent forest.
5. Synthesis and applications. Our evidence of vegetation recov-
ery suggests that logging roads are mostly transient elements in
forest landscapes. However, given the slow recovery of biomass
on abandoned road tracks, we advocate both reducing the width
of forest clearing for road construction and reopening old log-
ging roads for future harvests, rather than building new roads in
intact forests. Road edges seem suitable for post-logging silvi-
culture which needs to be assisted by removing dominant herbs
during the early years after abandonment while the road track is
still accessible.
1 Introduction
Large parts of the world’s humid tropical forests are selectively logged (As-
ner et al., 2009) and there is an urgent need to reconcile this method of
exploitation with biodiversity conservation (Edwards et al., 2014). A key el-
ement in reducing selective logging impacts is management of the extensive
road networks built into the forest (Mason & Putz, 2001). Road construc-
tion requires full clearance of narrow linear sections of the forest area, with
far reaching consequences for the forest ecosystem though fragmentation,
desiccation and spread of invasive species (Laurance et al., 2009). Despite
bringing potential benefits to local people, frontier roads in remote forests
are therefore mostly considered to threaten biodiversity conservation espe-
cially due to their widespread use by bushmeat hunters (Wilkie et al., 2000).
On a global-scale road map, major parts of Central Africa have been
classified as a priority road-free area due to their species richness and high
carbon stocks (Laurance et al., 2014). However, logging road networks in
the Congo Basin have been expanded greatly over the last 20 years (La-
porte et al., 2007) to gain access for selective logging of a few, high-value
timber species, notably Entandrophragma cylindricum (Sapelli) (Karsenty
& Gourlet-Fleury, 2006). Up to 53% of the biomass of this valuable species
has been harvested in one concession (Gideon Neba et al., 2014), likely de-
pleting the available timber stock (Hall et al., 2003). Forest clearing for
road building in selective logging operations also causes carbon emissions
(Putz et al., 2012), but the magnitude of this contribution and the extent
to which the carbon is recaptured during subsequent vegetation recovery
remain unclear.
Not all timber extraction roads have the same impact. Secondary logging
roads, only used to transport logs from where they were cut to a main road,
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are usually abandoned immediately afterwards (Malcolm & Ray, 2000). On
LANDSAT images they are detectable with bare soil for less than four years
and covered with vegetation for 20 years before they are no longer distin-
guishable from surrounding forest (Kleinschroth et al., 2015). Only 12% of
roads in forest concessions observed over the last 15 years have been per-
manently open (Kleinschroth et al., 2016a). Abandoned logging roads have
been characterized as long-lasting and relatively uniform floristically and
structurally altered long corridors that may have particular ecological func-
tions in selectively logged forests (Guariguata & Dupuy, 1997). Especially
in areas where high volumes of timber are harvested, such as the diptero-
carp forests of South-East Asia, reduced levels of regeneration have been
reported on abandoned roads and skid trails due to unfavourable soil condi-
tions such as compaction and low nutrient content (Pinard et al., 2000; Zang
& Ding, 2009). In contrast, for regions with low intensity logging regimes in
South America, logging roads and strip clearcuts have been associated with
enhanced levels of regeneration of light demanding timber species (Freder-
icksen & Mostacedo, 2000; Hartshorn, 1989; Nabe-Nielsen et al., 2007). Few
comparable studies exist for Central Africa; however, Malcolm & Ray (2000)
reported reduced sapling densities and tree species richness on and alongside
abandoned logging roads compared with unlogged forests. In Central Africa
harvesting intensity is generally low (1–2 trees per ha, Karsenty & Gourlet-
Fleury 2006). Here, roads are the most costly and destructive components of
logging operations (Mason & Putz, 2001) and their long-term management
is thus crucial for impact reduction.
The existing studies about forest regeneration on abandoned logging
roads are mostly based on small sample sizes with limited spatial and tempo-
ral coverage. In contrast, we used remote sensing information (Kleinschroth
et al., 2015) to identify roads abandoned over a continuous chronosequence
of dates between 1 and 30 years ago, spanning a large area (25 000 km2)
and different geological substrates. This study investigates the trajectory
of vegetation succession and environmental conditions after logging road
abandonment to find out how long-lasting are the threats of roads to forest
ecosystems due to low recovery rates after logging disturbance and resulting
persistence in fragmentation. We assessed recovery in terms of regenera-
tion of commercial timber species, tree species diversity and above-ground
woody biomass (AGB) and linked this with soil condition, herb cover and
reduced accessibility to poachers. From this evidence we suggest how the
resilience of forest landscapes can be incorporated into better road manage-





The catchment of the Sangha River, a major tributary of the Congo, has
been subject to widespread logging activity. In order to cover a broad range
of its forests, we selected 11 logging concessions, owned by four different
companies (Alpi, OLAM, Rougier, Decolveneaere), in the Eastern province
of Cameroon (centred at 3.724 N, 14.616 E) and the Sangha and Likouala
provinces of Republic of Congo (centred at 1.855 N, 16.417 E). The total
area of all 11 studied concessions is 25 049 km2 located within a total forest
area of ca. 100 000 km2 (Figure 1). The area’s logging history is long
with some concessions dating back to the 1960’s, while in others logging
started only after 2000 (Laporte et al. 2007). The forest is mostly semi-
deciduous and altitude range is 350–650 m. All 11 concessions are certified
by Origine et Légalité des Bois and four of them are certified by the Forest
Stewardship Council. All are operating according to a forest management
plan that includes the assignment of annual felling areas (assiettes annuelles
de coupe, AAC).
2.2 Study design
Using a time series of LANDSAT images, we identified a chronosequence
of roads abandoned between 1985 and 2015 (Figure 1). As all the roads
are in dedicated logging concessions, we assumed that they had been built
for logging purposes. We defined road abandonment as a state shift from
being actively used by cars and trucks to being in the process of revege-
tation. The years of road use were indicated by the presence of bare soil.
Given the differences in spectral properties between bare soil and recovering
vegetation the first year when a road was abandoned could be determined
based on the difference between the red and near-infrared channels on the
LANDSAT images (Kleinschroth et al., 2015). For the time before 1997,
images were not available in regular intervals and some roads could only
be detected after they had already been abandoned. In these cases we as-
sumed that road activity had ceased in the preceding year. The study area
is covered by four LANDSAT scenes (P183, RR57-58, P182, RR58-59). We
used the whole range of images available on http://glovis.usgs.gov, covering
images of LANDSAT 5, 7 and 8 (all 30-m pixel size). Due to differences
in image availability and quality, more than 130 images were grouped and
processed together in the following intervals: before 1986, 1986–1987, 1988–
1989,1990–1993,1994–1997, 1998–1999, 2000–2001, 2002–2003, 2004–2005,
2006–2007, 2008–2009, 2010–2011, 2012–2013, 2014–2015. We corrected
the final road map with the WRI forest atlases of Cameroon and Congo
that include the AAC felling areas for each year (http://www.wri.org/our-

















































Figure 1: Map of the 86 roads sampled in the study. Colour gradient from green to
red depending on time of abandonment based on interpretation of Landsat images.
White lines indicate concession boundaries, sampled concessions are consecutively
numbered.
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was continuously tested while travelling over 2000 km of roads in the study
area, using a mobile GIS, comparing the interpretation of recent images with
the situation on the ground.
2.3 Plot design
On each of a randomized sample of 86 roads, within strata based on year of
road abandonment, we laid out two 50-m gradient-directed transects (grad-
sects, Gillison & Brewer 1985), separated by 50 m and each perpendicular to
the opposite side of the abandoned road (Figure 2 a). This form of sampling
across a steep environmental gradient has been shown to be accurate and
more effective than fully random designs and to be useful in regression-type
analyses in tropical forests (Parker et al., 2011). We adapted the transect
design so that each contained three subplots of 5×5 m placed systematically
in three parallel zones on a gradient of road-related disturbance (Figure 2 b).
The road track was characterized by the removal of top soil and sometimes
the application of a surface cover of laterite to facilitate traffic (Sessions,
2007). It was demarcated by accumulated soil embankments on both sides
(Guariguata & Dupuy, 1997). In 16% of the plots the road track was less
than 5 m wide and so included up to 1 m of the opposite edge. The road
edge is the area on both sides of the track that had been cleared of all veg-
etation to allow the sun to dry the road surface (Sessions, 2007). It was
characterized by accumulated soil from road building. The adjacent forest
was more-or-less old growth but showed occasional signs of selective logging.
Slash from vegetation cleared during road construction was found to be re-
moved to the adjacent forest but no systematic piling of slash was apparent.
The road track and edge zones were directly adjacent to each other, with the
former roadside ditch marking the border. The forest subplot was placed
selectively beyond the edge zone at the first position along the transect with
no more visible influence from the former road. This was on average 41.7 m
away from the road track. The design was fully balanced among the three
zones with two triplets of plots per sample site (Figure 2 a). The small size
of the subplots is adapted to inventorying the early succession stages on the
narrow road track and edge and is less suitable for the characterization of
mature forest. The third subplot therefore serves more as a coarse reference.
2.4 Statistical modelling
We applied data exploration following the protocol of Zuur et al. (2010),
using Cleveland dotplots to inspect the variables for outliers and pairwise
scatterplots to assess collinearity. We strictly avoided collinearity among the
covariates. This approach led us to use a fixed set of variables comprised of
time after abandonment, clearing width, road-habitat zone and geological


















Figure 2: Plot design with the location of subplots (a) in plan-view on and
alongside the abandoned road and (b) as a cross-section from the road track into
the adjacent forest showing the profile of the soil surface.
mation, combined with adding a constant of 0.01 to all basal area and AGB
variables. Due to a high number of plots without observations of commercial
species we fitted two different models to explain regeneration of commercial
trees: (a) frequency of presence/absence and (b) basal area of only those
commercial species ≥ 1 and < 15 cm DBH that were present. Each sub-
plot was treated as a replicate. To avoid pseudo-replication, sites located
inside the same felling area (AAC) were assumed to be non-independent.
To take account of this nested design we included AACs as random factors
in a mixed effects regression model. The 86 roads sampled were distributed
over 63 AAC’s. We used generalized linear mixed models (GLMM) for pres-
ence/absence of commercial species with Bernoulli distribution and linear
mixed models (LMM) for the normally distributed variables Shannon diver-
sity index, log-transformed basal area and AGB. There is ongoing debate
about the use of p-values in such models (Pinheiro & Bates, 2000), there-
fore we applied a bootstrapping procedure with 100 replications to construct
confidence intervals. Only if 0 did not fall within the 95% confidence interval
was the variable assumed to be significant (Figure 3, Table ??). An increase
of the bootstrap replications up to 1000 did not produce any difference in
the results. We calculated floristic dissimilarity between groups of plots
using the incidence-based Jaccard and abundance-based Morisita-Horn in-
dices (Magurran, 2004). The Jaccard-index was visualized using Kruskal’s
non-metric multidimensional scaling (NMDS). To compare the presence of
paths with age of road we used non-parametric Kruskal-Wallis tests with
Mann-Whitney U statistics (Wilcoxon rank-sum test) as post-hoc tests. All
analyses were carried out in R (R Core Team, 2014), using the packages
“vegan”, “lme4” “boot” and “ggplot2”.
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3 Results
3.1 Regeneration of commercial species
Of the total number of 173 recorded tree genera we identified 26 species
(among 35 potential ones) that have commercial timber value. Their com-
bined density was 321 individuals < 15 cm DBH ha-1 in the road track and
267 in the edge zone, compared with 97 trees < 15 cm DBH ha-1 in the
adjacent forest. There were five individuals ≥ 15 cm DBH ha-1 in the road
track, 24 in the edge and 63 in the forest (Supporting table ??). The fre-
quency of commercial species’ individuals < 15 cm DBH was higher in the
road track (45.3% of plots, P < 0.001) and in the edge (37.7%, P < 0.001)
than in the adjacent forest (19.3%, Figures 3 and 4). The presence-only
model for the log-transformed basal area of commercial species’ individuals
< 15 cm DBH showed no difference between the road habitat zones but a sig-
nificant positive trend with time after abandonment (P = 0.001, Figure ??).
Road edges abandoned > 15 years ago had the highest basal area of timber
species recruits (Mean ± CI: 0.74 ± 0.55 𝑚2ℎ𝑎−1) followed by the road track
(0.54 ± 0.31), both higher than in the adjacent forest (0.16 ± 0.14) due to
a decreasing trend over time (Figure 4).
3.2 Tree diversity
The Shannon diversity index of tree genera for individuals ≥ 1 cm DBH
was significantly lower in road track and edge zones (both P < 0.001)
than in adjacent forest. However, diversity increased significantly over time
(P = 0.001), with the greatest increase taking place in the road track (from
0.25 ± 0.12 on roads < 8 years old to 1.1 ± 0.17 in roads > 15 years
old), while it did not change in the adjacent forest (from 1.24 ± 0.14 to
1.15 ± 0.17, Figure 4). Poor substrates had a higher Shannon diversity in-
dex than rich ones (P < 0.001, Supporting figure ??). Floristic dissimilarity
based on the Jaccard index and visualized through NMDS was pronounced
between the three zones for roads abandoned less than 8 years ago: With
age since road abandonment, species composition in adjacent forest stayed
very similar, while that in road track and edge zones remained distinct from
the forest only on the first axis but underwent a clear development towards
the forest on the second axis (Supporting figure ??, Supporting table ??).
Basal area in all zones was mostly comprised of pioneer tree species such
as Musanga cecropioides that thrived particularly in road edges (Figure 4).
Fifteen years after road abandonment pioneer species accounted for 70%
of the basal area in road tracks and 56% in edges. Only in the adjacent
forest was the dominance of pioneer species reduced to 32%, replaced by
non-pioneer light demanders with shade bearers remaining at a similar level
(Figure 5). Due to the small plot size, species accumulation curves did not
8
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Figure 3: Effects of substrate (poor, intermediate), habitat zone (road track,
edge), clearing width and time (years after abandonment) on frequency and basal
area of individuals < 15 cm DBH of commercial tree species, Shannon diversity
index and above-ground biomass. Effect sizes are results from linear mixed models
(for frequency: generalized linear mixed model) with AAC as a random effect, and
are presented with 95% CIs; those that do not overlap the dashed vertical line
are statistically different from zero. Negative values indicate negative correlations,
positive vice-versa.
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Figure 4: Mean values and 95% confidence intervals for eight variables (horizontal)
across plots in three habitat zones (vertical) and three road age categories (inside
each box). Freq. = Frequency of presence/absence, BA = basal area of commercial
species that were present, DBH = diameter at breast height. The sample size for
each point lies between 44 and 53. 10
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Figure 5: Mean plot values of basal area of tree species regeneration guilds over
age since road abandonment, in each of the three habitat zones. The unknown
group consists of trees that could not be identified or those of genera that could
not be assigned to a guild based on available literature and expert knowledge.
reach their saturation limit throughout all groups of samples (Supporting
figure ??).
3.3 Biomass
Above-ground biomass was significantly lower in road track and edge zones
(all P < 0.001) than in the adjacent forest but the log-transformed AGB in-
creased significantly with time after road abandonment (P < 0.001, Support-
ing figure ??). For the road track this meant an increase from 1.3 ± 1.3 t ha-1
on roads abandoned < 8 years ago to 24.0 ± 19.35 Mg ha-1 on those > 15
years and for the road edge an increase from 78.3 ± 73.38 to 166.67 ± 166.67 Mg ha-1
(Figure 4). Of the total studied concession area, 190 km2 (0.76% of the for-
est cover) was cleared for road construction during 1985–2015 (Supporting
table ??). This amounts to ca. 7 500 965 Mg AGB lost through road con-
struction or 790 Mg km-1. The amount of biomass recovered through forest
regrowth on road tracks older than 15 years amounts at 138 323 Mg, which
is 6% of the initial amount cleared, while road edges regained 2 174 856 Mg
(42%).
3.4 Canopy closure and soil conditions
All of the environmental variables (canopy closure, soil compaction and
thickness of the litter layer) were strongly correlated with the gradient be-
tween the three zones from road track to adjacent forest and with road
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age (Figure 4). Canopy closure was lower in road track and edge (all
P < 0.001) than the adjacent forest, but it increased significantly with road
age (P < 0.001) such that it was very similar at ca. 80-90% in all three
zones after 30 years (Supporting figure ??). Canopy closure was negatively
correlated with clearing width (P = 0.006). The litter layer showed similar
patterns with lower values in the road track (P < 0.001) and edge (P = 0.005)
than the forest, differences that are eliminated by 30 years after the signifi-
cant increase over time (P < 0.001). Soil compaction was higher in the road
track (P < 0.001) and edge (P < 0.001) than the forest, but these differ-
ences were also reduced by the significant decrease over time (P = 0.001), ,
especially in the road track (Supporting figure ??). However, the value after
15 years was still more than twice as high in the road track (3.01 ± 0.33 kg
cm-2, Figure 4) as in the forest (1.36 ± 0.29). Soil compaction was lower
on poor (1.23 ± 0.49 kg cm-2, P < 0.001) and intermediate (2.06 ± 0.27,
P < 0.001) substrates than on rich ones (2.92 ± 0.16, Supporting figure ??
and table ??).
3.5 Herbaceous species
The ground cover of the herbaceous non-native species C. odorata on the
road track decreased rapidly with time after road abandonment (P = 0.001),
from 18 ± 7.91% in the 0-8 year-old roads to 1 ± 1% after 15 years (Figure 6).
On the road edge, its’ mean cover was 5.8 ± 4.77% immediately after road
abandonment and decreased to being absent after 8 years. Clearing width
had a positive effect on the cover of C. odorata (P < 0.001). In road track and
edge zones the genus Aframomum was more abundant than in the adjacent
forest (P < 0.001), but showed no strong trend with road age. The cover of
Marantaceae increased over time across the zones (P < 0.001) and after eight
years since road abandonment they were always the dominant herbaceous
plant group with a mean cover of 35%. Their cover was significantly lower
in the road track than the adjacent forest (P = 0.002). Cover of both
Marantaceae and Aframomum spp. was significantly lower on poor (3% and
5%) than rich soils (31% and 19%, P = 0.004 and P = 0.015 respectively,
Supporting figure ?? and table ??).
3.6 Access for bushmeat hunting
Of all the roads sampled, 56% did not show any sign of a path used by
hunters, 26% were used as footpaths and 18% by motorcycles. The presence
of footpaths was independent of road age but on roads abandoned more than
10 years ago we did not find any paths used by motorcycles because fallen
trees, broken bridges and vegetation density made passage impossible. The
age of roads with motorcycle paths was significantly lower than those with
footpaths or no path at all (Supporting figure ??).
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Figure 6: Mean plot values of cover of three dominant groups of herbaceous plants
over time after road abandonment, in each of the three habitat zones.
4 Discussion
Our results indicate that abandoned logging roads in rainforest present only
a transient threat to the structural integrity of forest in the northern Congo
Basin due to rapid recovery in timber stocks and tree diversity. This con-
trasts with earlier studies in Latin America (Guariguata & Dupuy, 1997;
Olander et al., 1998), South-East Asia (Pinard et al., 2000; Zang & Ding,
2009) and Central Africa (Malcolm & Ray, 2000). While 30 years of regen-
eration were not sufficient to accumulate the same level of biomass on roads
as in adjacent logged forest, canopy closure, litter layer depth and herb cover
converged notably. With the exception of the less exploited dense forests
on poor sandstone substrates in the northern Republic of Congo, all forests
in the study area have a relatively open canopy, with high ground cover
of Marantaceae herbs. This forest structure has been attributed to dis-
turbances 2500 years ago (Maley, 2002) potentially linked to agricultural
colonization (Bayon et al., 2012) followed by arrested succession. With
these long-term degraded forests as a reference, there is a great capacity
for forest recovery on abandoned logging roads through natural processes.
We showed a clear convergence of forest structure with the surrounding old-
growth forest, similar to the findings of Norden et al. (2009). Forest opening
for road-construction has been considered the most important driver of for-
est degradation resulting from selective logging but, in contrast, our study
does not characterize roads as triggers of a permanent regime shift in the
sense of Folke et al. (2004). Therefore, the presence of a temporary logging
road at one point in time cannot be equated with long-term forest degrada-
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tion in general. This disturbance does not exceed the resilience capacity of
the forest ecosystem.
4.1 Roads favour recruitment of timber species and recovery
of biodiversity
The frequency of commercial timber species regeneration was higher in road
track and edge zones than adjacent forest, just as has been shown for logging
roads in Bolovia (Fredericksen & Mostacedo, 2000; Nabe-Nielsen et al., 2007)
and strip clear-cuts in Peru (Hartshorn, 1989). More than 50% of the tim-
ber species found, including the most-valued Entandrophragma cylindricum,
are classified as non-pioneer light-demanders (Hawthorne, 1995). Absolute
numbers were very low, as only 23 individuals < 15 cm DBH of E. cylin-
dricum were recorded across all three habitat zones and in 17 of the study
sites. This was despite the absence of even a single tree ≥ 15 cm DBH
of this species in the 1.55 ha of forest sample plots across the 11 studied
concessions. We attribute this regeneration to the open environment of the
area cleared for roads, given that seedlings of E. cylindricum grow well in
the light conditions of small- and intermediate-sized gaps (Hall et al., 2003).
Concurrent with commercial species recovery we noted an increase in tree
diversity, reaching a similar level in the road zones to the forest after 30 years.
Road edges have been identified as particularly suitable for tree recruitment
both in Central America (Guariguata & Dupuy, 1997) and Central Africa
(Doucet, 2004) due to the most valuable commercial species in both regions
tending to be strongly light-demanding and this habitat offering both high
light levels and an accumulation of topsoil from road construction. We
found similar levels of commercial tree species regeneration in road track
and edge zones, along with a reduction in soil compaction with age since
road abandonment. The growth of diverse light-demanding tree species in
the open road zones can be attributed to the combined effects of soil recovery,
light availability and reduced herb competition (Marantaceae herbs had a
lower mean cover on the road track than in the adjacent forest). On both the
road track and edge, tree communities underwent a large turnover of notably
distinct assemblies of genera with age since abandonment. Pioneer tree
species remained dominant in basal area throughout the 30 years but in the
adjacent logged forest we found a reduction in their basal area followed by an
increase in that of non-pioneer light-demanding species, which corresponds
with the expected trend of forest recovery from disturbance (Finegan, 1984).
At the same time both Shannon diversity and floristic dissimilarity in the
forest remained at the same level over age since logging. These results
indicate that recovery of the tree community on abandoned roads follows a
faster trajectory than the adjacent logged forest.
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4.2 Pronounced differences in biomass recovery
The total amount of forest clearance for road construction over 30 years in
the 25 000 km2 area of the 11 studied forest concessions resulted in approxi-
mately 13.8 × 106 Mg 𝐶𝑂2 being emitted to the atmosphere (assuming 50%
carbon content of woody biomass). This is equivalent to the emissions of
55 000 UK citizens over the same time period (based on 250 Mg per person,
data.worldbank.org). Approximately 30% of this emitted 𝐶𝑂2 has been re-
captured through regeneration on these roads during the 30 years. However,
we found strong contrasts in recovery of above-ground woody biomass be-
tween the habitat zones. Despite its increase over time, biomass on the road
tracks had only recovered to 6% of average forest level between 15 and 30
years after road abandonment. Assuming linear recovery on road tracks, it
would take at least 300 years until biomass stocks reach the level of adjacent
forest. This estimation is at a comparable level to the results from a study
in Puerto Rico (Olander et al., 1998) but is an even slower rate of recov-
ery than that found for basal area on old skid trails and gaps after logging
in Ghana by Hawthorne et al. (2012). In contrast, on road edges, with less
compacted topsoil, tree basal area and canopy closure recovered much faster.
Here, the accumulation of biomass during the first 30 years was dominated
by fast growing pioneer species such as Musanga cecropioides. Projecting
future development of biomass needs to consider the short life span of pi-
oneer species and their replacement by more shade-tolerant denser-wooded
species (Finegan, 1984), even though this had not yet occurred up to the 30
years since abandonment of the oldest road in our study.
4.3 Canopy closure and herb cover converge between roads
and adjacent forests
We showed that < 1% of the forest area had its canopy cover cleared for the
construction of logging roads. However, we consider the average clearing
width of 20 m (range 8.5–40.5) for road constructions excessive, as evidence
from Brazil shows that logging roads can be operated at average clearings
that are half as wide (Feldpausch et al., 2005). Nonetheless, even with a
20 m width the opening is only short-term, with canopy closure recover-
ing to 83% (very close to the value in the adjacent forest) ca. 25 years
after road abandonment. The extent to which roads present an obstacle
for the movement of mammals (Blake et al., 2008) is likely to reduce over
this same time-scale. Recovery of canopy cover was slowest on roads with
the greatest initial width of clearance for road construction, which may be
linked to the rapid establishment and persistence of a high level of cover
of competitive herbaceous species restricting subsequent rates of tree es-
tablishment, especially of light-demanding species. (Honu & Dang, 2002)
suspected the non-native Chromolaena odorata to impede regeneration of
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valuable timber species. However, our results showed that on abandoned
logging roads C. odorata remained abundant for less than 8 years, after
which it declined to a very low level due to the shading of canopy closure
and regrowing woody plants (Witkowski & Wilson, 2001). But not all ro-
bust herbaceous species declined over the same timescale. Instead there was
a marked turnover, with Aframomum species increasing in abundance after
8 years but declining after 15, whereas Marantaceae species were dominant
after 15 years, reflecting their high abundance across large areas of forest
landscape in the region (Brncic et al., 2009). The abundance of these highly
competitive herbaceous species will be a major persistent factor regulating
the regeneration of tree species after logging, both on roads and in the forest.
4.4 Contrasting succession trajectory on poor sandy soils
We detected spatial patterns in forest structure and timber species recruit-
ment at a large scale linked to underlying geology. The sandstone plateau in
northern Republic of Congo characterized by deep resource-poor soils, fea-
tures a generally older, less-disturbed and slower-growing forest type (Fayolle
et al., 2012). Here, roads tend to remain detectable for longer than in more
disturbed forests on rich substrates (Kleinschroth et al., 2015). However,
over the 12 years after road abandonment studied here on these poor soils,
timber tree recruitment occurred at higher frequency and overall tree di-
versity was higher than on the intermediate and resource-rich soils in other
parts of the study area. The different trajectory of succession on the poor
sandy soils can be associated with their lower soil compaction and especially
much lower abundance of competitive dominant herbs.
4.5 How long do logging roads remain accessible for bush-
meat hunters?
Logging in the study region is nearly always accompanied by hunting (Poulsen
et al., 2011). Commercial bushmeat hunting becomes economical on a large
scale when existing infrastructure (largely logging roads) greatly reduces
costs (Nasi et al., 2008). This is facilitated by the widespread use of motor-
cycles which can easily bypass barriers placed by logging companies at the
junction of abandoned logging roads and permanent roads. However, we ob-
served that following the closure of logging roads they were also abandoned
by motorized poachers in < 10 years. Hunters preferentially used currently
open or recently abandoned logging roads rather than old ones which would
require systematic removal of vegetation and fallen trees and repair of river
crossings. Logging companies are trying to ban the transport of hunters,
weapons and bushmeat in company vehicles and to set up guarded barriers
at entry points to forest concessions (Poulsen et al., 2011). However, per-
manently open access roads, used and maintained by logging companies, do
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still allow hunters to reach an extensive network of footpaths (Clark et al.,
2009). Stricter enforcement of existing hunting regulations might disrupt
the relationship between logging companies and local people (Nasi et al.,
2008) given the region-wide importance of bushmeat (Wilkie et al., 2000).
However, if poaching is naturally restricted to areas with current or recent
logging activities, this means that the impact on wildlife occurs in limited
areas in the wider forest landscape. After 10 years post-logging (one third of
a 30-year rotation) logging concession areas may act as refuges from hunting
with an effectiveness similar to protected areas (Haurez et al., 2014). Aban-
doned logging roads can even attract endangered species such as gorillas
that feed on the abundant Aframomum and Marantaceae herbs(Matthews
& Matthews, 2004). We therefore recommend further research on the long-
term link between abandoned logging roads and wildlife populations.
5 Conclusions
Abandoned logging roads are transient intensively disturbed patches in the
forest landscape in the Congo Basin, with a high level of resilience shown by
the vegetation components of the rainforest ecosystem but with much slower
recovery of biomass on road tracks than edges. Simple improvements to
forest exploitation and restoration can reduce impacts and revalorize logged
forests to enhance sustainable forest management (Figure ??). These are: (i)
to reduce the amount of biomass removal and soil compaction, previous roads
should be reopened for subsequent harvest operations; (ii) the clearing width
for road construction should be reduced markedly. The resulting reduction
of exposure to sunlight that allows the road surface to dry after rain should
be compensated by improvements in road maintenance and drainage; and
(iii) given the high capacity of road habitats for recruitment of commercial
tree species, enrichment planting trials should be established in the edge zone
of recent logging roads with and without removal of competing dominant
herbs as long as the road track remains accessible. If successful, once mature
these trees could be harvested with low cost and impact from the reopened
road track.
Data accessibility
Full inventories of vegetation and site characteristics are available from the
Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.51p4f (Klein-
schroth et al., 2016b)
17
Acknowledgements
F.K. was funded by the EU Erasmus Mundus joint doctorate programme
FONASO. E. Gasang, J. Sadang, P. Zok, J.-N. Bery, G. Ebekegi and K.
Kosa provided essential help during the fieldwork. The companies Alpi,
Decolvenaere, CIB and Rougier kindly granted access to their concessions
and helped with logistics. We especially thank D. Bastin and E. Forni for
providing helpful insights and support in the field. The comments of two
anonymous reviewers greatly helped to improve the manuscript.
References
Asner, G.P., Rudel, T.K., Aide, T.M., Defries, R. & Emerson, R. (2009). A con-
temporary assessment of change in humid tropical forests. Conservation Biology,
23, 1386–95.
Bayon, G., Dennielou, B., Etoubleau, J., Ponzevera, E., Toucanne, S. et al. (2012).
Intensifying weathering and land use in iron age Central Africa. Science, 335,
1219–1222.
Blake, S., Deem, S.L., Strindberg, S., Maisels, F., Momont, L. et al. (2008). Road-
less wilderness area determines forest elephant movements in the Congo Basin.
PLoS One, 3, e3546.
Brncic, T.M., Willis, K.J., Harris, D.J., Telfer, M.W. & Bailey, R.M. (2009). Fire
and climate change impacts on lowland forest composition in northern Congo
during the last 2580 years from palaeoecological analyses of a seasonally flooded
swamp. The Holocene, 19, 79–89.
Chave, J., Réjou-Méchain, M., Búrquez, A., Chidumayo, E., Colgan, M.S. et al.
(2014). Improved allometric models to estimate the aboveground biomass of
tropical trees. Global Change Biology, 20, 3177–3190.
Clark, C.J., Poulsen, J.R., Malonga, R. & Elkan, P.W. (2009). Logging concessions
can extend the conservation estate for Central African tropical forests. Conser-
vation Biology, 23, 1281–93.
Doucet, J.l. (2004). Comment assister la régénération naturelle de l’okoumé dans
les concessions forestières ? Bois et Forêts des Tropiques, 279, 59–72.
Edwards, D.P., Tobias, J.a., Sheil, D., Meijaard, E. & Laurance, W.F. (2014).
Maintaining ecosystem function and services in logged tropical forests. Trends
in Ecology & Evolution, 9, 511–520.
Fayolle, A., Engelbrecht, B., Freycon, V., Mortier, F., Swaine, M. et al. (2012).
Geological substrates shape tree species and trait distributions in African moist
forests. PLoS One, 7, e42381.
Fayolle, A., Swaine, M.D., Bastin, J.F., Bourland, N., Comiskey, J.a. et al. (2014).
Patterns of tree species composition across tropical African forests. Journal of
Biogeography, 41, 2320–2331.
18
Feldpausch, T.R., Jirka, S., a.M. Passos, C., Jasper, F. & Riha, S.J. (2005). When
big trees fall: Damage and carbon export by reduced impact logging in southern
Amazonia. Forest Ecology and Management, 219, 199–215.
Finegan, B. (1984). Forest succession. Nature, 312, 109–114.
Folke, C., Carpenter, S., Walker, B., Scheffer, M., Elmqvist, T. et al. (2004). Regime
shifts, resilience, and biodiversity in ecosystem management. Annual Review of
Ecology, Evolution, and Systematics, 35, 557–581.
Fredericksen, T.S. & Mostacedo, B. (2000). Regeneration of timber species fol-
lowing selection logging in a Bolivian tropical dry forest. Forest Ecology and
Management, 131, 47–55.
Gideon Neba, S., Kanninen, M., Eba’a Atyi, R. & Sonwa, D.J. (2014). Assessment
and prediction of above-ground biomass in selectively logged forest concessions
using field measurements and remote sensing data: Case study in South East
Cameroon. Forest Ecology and Management, 329, 177–185.
Gillison, A.N. & Brewer, K.R.W. (1985). The use of gradient directed transects or
gradsects in natural resource surveys. Journal of Environmental Management,
20, 103–127.
Guariguata, M.R. & Dupuy, J.M. (1997). Forest regeneration in abandoned logging
roads in lowland Costa Rica. Biotropica, 29, 15–28.
Hall, J.S., Medjibe, V., Berlyn, G.P. & Ashton, P.S. (2003). Seedling growth of
three co-occurring Entandrophragma species (Meliaceae) under simulated light
environments: implications for forest management in central Africa. Forest Ecol-
ogy and Management, 179, 135–144.
Hartshorn, G.S.. (1989). Application of gap theory to tropical forest management:
natural regeneration on strip clear-cuts in the Peruvian Amazon. Ecology, 70,
567–576.
Haurez, B., Petre, C.A., Vermeulen, C., Tagg, N. & Doucet, J.L. (2014). Western
lowland gorilla density and nesting behavior in a Gabonese forest logged for 25
years: implications for gorilla conservation. Biodiversity and Conservation, 23,
2669–2687.
Hawthorne, W. (1995). Ecological profiles of Ghanaian forest trees. University of
Oxford.
Hawthorne, W., Sheil, D., Agyeman, V., Abu Juam, M. & Marshall, C. (2012).
Logging scars in Ghanaian high forest: Towards improved models for sustainable
production. Forest Ecology and Management, 271, 27–36.
Honu, Y. & Dang, Q. (2002). Spatial distribution and species composition of tree
seeds and seedlings under the canopy of the shrub, Chromolaena odorata Linn.,
in Ghana. Forest Ecology and Management, 164, 185–196.
Jennings, S.B., Brown, N.D. & Sheil, D. (1999). Assessing forest canopies and
understorey illumination : canopy closure , canopy cover and other measures.
Forestry, 72, 59–73.
19
Karsenty, A. & Gourlet-Fleury, S. (2006). Assessing sustainability of logging prac-
tices in the Congo Basin’s managed forests: the issue of commercial species
recovery. Ecology and Society, 11, 26.
Kleinschroth, F., Gourlet-Fleury, S., Sist, P., Mortier, F. & Healey, J.R. (2015).
Legacy of logging roads in the Congo Basin: How persistent are the scars in
forest cover? Ecosphere, 6, 64.
Kleinschroth, F., Healey, J. & Gourlet-Fleury, S. (2016a). Sparing forests in Central
Africa: re-use old logging roads to avoid creating new ones. Frontiers in Ecology
and the Environment, 14, 9–10.
Kleinschroth, F., Healey, J.R., Sist, P., Mortier, F. & Gourlet-Fleury, S. (2016b).
How persistent are the impacts of logging roads on Central African forest vege-
tation? Journal of Applied Ecology, in press.
Laporte, N.T., Stabach, J.A., Grosch, R., Lin, T.S. & Goetz, S.J. (2007). Expansion
of industrial logging in Central Africa. Science, 316, 1451.
Laurance, W.F., Clements, G.R., Sloan, S., O’Connell, C.S., Mueller, N.D. et al.
(2014). A global strategy for road building. Nature, 513, 229–232.
Laurance, W.F., Goosem, M. & Laurance, S.G.W. (2009). Impacts of roads and
linear clearings on tropical forests. Trends in Ecology & Evolution, 24, 659–69.
Lewis, S.L., Sonké, B., Sunderland, T., Begne, S.K., Lopez-Gonzalez, G. et al.
(2013). Above-ground biomass and structure of 260 African tropical forests.
Philosophical transactions of the Royal Society of London. Series B, Biological
sciences, 368, 20120295.
Macdonald & Macdonald (2016). HabitApp. [Online] Available at:
http://www.scrufster.com/habitapp/ [Accessed 01-03-2016].
Magurran, A.E. (2004). Measuring biological diversity. Blackwell Publishers, Ox-
ford.
Malcolm, J.R. & Ray, J.C. (2000). Influence of timber extraction routes on central
african small-mammal communities, forest structure, and tree diversity. Conser-
vation Biology, 14, 1623–1638.
Maley, J. (2002). A catastrophic destruction of African forests about 2,500 years
ago still exerts a major influence on present vegetation formations. IDS Bulletin-
Institute of Development Studies, 33, 13–30.
Mason, D.J. & Putz, F.E. (2001). Reducing the impacts of tropical forestry on
wildlife. Biology and resource management in the tropics series. Columbia Uni-
versity Press.
Matthews, A. & Matthews, A. (2004). Survey of gorillas (<i>Gorilla gorilla
gorilla</i>) and chimpanzees (Pan troglodytes troglodytes) in Southwestern
Cameroon. Primates, 45, 15–24.
20
Nabe-Nielsen, J., Severiche, W., Fredericksen, T. & Nabe-Nielsen, L. (2007). Tim-
ber tree regeneration along abandoned logging roads in a tropical Bolivian forest.
New Forests, 34, 31–40.
Nasi, R., Brown, D., Wilkie, D., Bennett, E., Tutin, C. et al. (2008). Conservation
and use of wildlife-based resources: the bushmeat crisis. Technical Series 33. 33.
Secretariat of the Convention on Biological Diversity, Montreal.
Norden, N., Chazdon, R.L., Chao, A., Jiang, Y.H. & Vílchez-Alvarado, B. (2009).
Resilience of tropical rain forests: Tree community reassembly in secondary
forests. Ecology Letters, 12, 385–394.
Olander, L.P., Scatena, F. & Silver, W.L. (1998). Impacts of disturbance initiated
by road construction in a subtropical cloud forest in the Luquillo Experimental
Forest, Puerto Rico. Forest Ecology and Management, 109, 33–49.
Parker, V.T., Schile, L.M., Vasey, M.C. & Callaway, J.C. (2011). Efficiency in
assessment and monitoring methods: scaling down gradient-directed transects.
Ecosphere, 2, 1–11.
Pinard, M.A., Barker, M.G. & Tay, J. (2000). Soil disturbance and post-logging
forest recovery on bulldozer paths in Sabah, Malaysia. Forest Ecology and Man-
agement, 130, 213–225.
Pinheiro, J.C. & Bates, D.M. (2000). Mixed-effects models in S and S-PLUS.
Springer, New York.
Poulsen, J.R., Clark, C.J. & Bolker, B.M. (2011). Decoupling the effects of logging
and hunting on an afrotropical animal community. Ecological Applications, 21,
1819–36.
Putz, F.E., Zuidema, P.a., Synnott, T., Peña-Claros, M., Pinard, M.a. et al. (2012).
Sustaining conservation values in selectively logged tropical forests: the attained
and the attainable. Conservation Letters, 5, 296–303.
R Core Team (2014). R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing, Vienna, Austria.
Ruiz Pérez, M., Ezzine de Blas, D., Nasi, R., Sayer, J.a., Karsenty, A. et al. (2006).
Socioeconomic constraints, environmental impacts and drivers of change in the
Congo Basin as perceived by logging companies. Environmental Conservation,
33, 316.
Sessions, J. (2007). Forest road operations in the tropics. Tropical Forestry. Springer,
Berlin, Heidelberg, New York.
Terborgh, J., Foster, R.B., V, P.N. & Mar, N. (1996). Tropical tree communities:
a test of the nonequilibrium hypothesis. Ecology, 77, 561–567.
Wilkie, D., Shaw, E., Rotberg, F., Morelli, G. & Auzel, P. (2000). Roads, de-
velopment, and conservation in the Congo Basin. Conservation Biology, 14,
1614–1622.
21
Witkowski, E. & Wilson, M. (2001). Changes in density, biomass, seed production
and soil seed banks of the non-native invasive plant, <i>Chromolaena odor-
ata</i>, along a 15 year chronosequence. Plant Ecology, 152, 13–27.
Zang, R. & Ding, Y. (2009). Forest recovery on abandoned logging roads in a
tropical montane rain forest of Hainan Island, China. Acta Oecologica, 35, 462–
470.
Zanne, A.E., Lopez-Gonzalez, G., Coomes, D.A., Ilic, J., Jansen, S. et al. (2009).
Data from: Towards a worldwide wood economics spectrum.
Zuur, A.F., Ieno, E.N. & Elphick, C.S. (2010). A protocol for data exploration to
avoid common statistical problems. Methods in Ecology and Evolution, 1, 3–14.
22
